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Abstract. Self-assembly of aromatic peptide amphiphiles is known to be driven by a combination of pi-pi
stacking of the aromatic moieties and hydrogen bonding between the peptide backbones, with possible
stabilisation from the amino acid side chains. Phenylalanine-based Fmoc-dipeptides have previously been
reported for their characteristic apparent pKa transitions, which were shown to coincide with signiﬁcant
structural and morphological changes that were peptide sequence dependent. Here, phenylalanine was
replaced by leucine and the eﬀect on the self-assembling behaviour of Fmoc-dipeptides was measured using
potentiometry, ﬂuorescence and infrared spectroscopy, transmission electron microscopy, X-ray scattering
and shear rheometry. This study provides additional cues towards the elucidation of the sequence-structure
relationship in self-assembling aromatic peptide amphiphiles.
1 Introduction
Self-assembling peptides attract signiﬁcant interest due to
the variety of supramolecular nanostructures that can be
generated from them and their resulting potential appli-
cations [1,2]. These materials utilise peptides as versatile
building blocks of choice whose constitutive amino acids
oﬀer a diverse range of functionalities and structures.
Numerous examples of peptides self-assembling via a
combination of hydrophobic and/or pi-pi interactions as
well as hydrogen bonding have been reported in the liter-
ature. For instance, the self-assembly of short peptides can
be facilitated by coupling the peptidic components to ter-
minal hydrophobic groups such as aliphatic chains [3] or
aromatic ligands such as benzyloxycarbonyl (Cbz), naph-
thalene (Nap) or 9-ﬂuorenylmethoxycarbonyl (Fmoc) [4].
The main challenge in this ﬁeld is to develop an in-depth
understanding of the correlation existing between peptide
primary structure and self-assembly structure formed so
as to be able to control the properties of the material
formed.
⋆ Supplementary material in the form of a pdf ﬁle available
from the Journal web page at
http://dx.doi.org/10.1140/epje/i2013-13111-3
a e-mail: a.saiani@manchester.ac.uk
We have recently proposed that the main driving force
behind the self-assembly process of Fmoc-dipeptides con-
stituted of phenylalanine residues is the aromatic pi-pi in-
teractions of the ﬂuorenyl moieties whilst hydrogen bond-
ing has a secondary role [5]. However other studies sug-
gest that the hydrophobicity of the compounds might also
play an important part. In order to measure the impact of
the aromatic side chains on the self-assembling behaviour
of Fmoc-dipeptides, phenylalanine can be replaced by
leucine, the alkyl side chain of which has a similar hy-
drophobicity as the phenyl side chain of phenylalanine [6].
Such type of substitution has previously been shown not
to alter the ability of the molecules to self-assemble into
higher-order structures [7]. Additionally, formation of hy-
drogels from leucine-based Fmoc-peptides by pH adjust-
ment or by enzymatic reaction has been reported in the
literature. Under speciﬁc conditions, Fmoc-LG was found
to generate ﬁbrillar networks forming hydrogels, whether
the pH was adjusted with hydrochloric acid (HCl) [8] or
sugar precursors of acid [9]. Fmoc-L3 and Fmoc-L5 self-
assembly has also been observed following reverse hydrol-
ysis [10]. Another example is that of the formation of hy-
drogels from Fmoc-LL via hydrolysis of the corresponding
ester. Interestingly, distinct morphologies (nanotubes or
nanoﬁbres) were obtained depending on the route used to
arrive at the Fmoc-LL gelator [11]. On the contrary, no
hydrogels were formed from Fmoc-GL [8,12].
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Fig. 1. Equilibrium between Fmoc-dipeptide neutral (acid) and ionised (conjugated base) forms and notation.
Fmoc-dipeptides based on combinations of phenylala-
nine and glycine were formerly shown to exhibit dramatic
pKa shifts that were related to signiﬁcant structural mod-
iﬁcations [5,13]. The main aim of the present work was to
investigate the role played by the phenyl ring side chain
(phenylalanine) in the self-assembly of these peptides by
replacing it by an isobutyl chain (leucine) with a simi-
lar hydrophobicity. For this purpose employing the previ-
ously reported pH controlled procedure we herein present
the study of leucine-based Fmoc-dipeptide homologues,
Fmoc-LL, Fmoc-LG and Fmoc-GL (ﬁg. 1). The systems
were titrated by potentiometry, whilst the supramolecu-
lar interactions underpinning self-assembly were investi-
gated using ﬂuorescence and infrared spectroscopy. The
morphology of the structures formed was characterised
by transmission electron microscopy and X-ray scattering.
Finally, the dynamic mechanical properties were studied
using shear rheometry.
2 Materials and methods
Materials: All Fmoc-dipeptides were purchased from C S
Bio Company (Menlo Park, USA) and used without fur-
ther puriﬁcation. The purity of the compounds was ver-
iﬁed by HPLC (> 98%) and mass spectrometry. HPLC
grade water and deuterated water (99.9 atom% D) were
purchased from Merck and Sigma-Aldrich, respectively.
Sample preparation: Depending on the desired concen-
tration, the required amount of Fmoc-dipeptide was sus-
pended into 2mL of HPLC grade water. Sodium hydroxide
(0.5M) was gradually added to the aqueous suspensions
of Fmoc-dipeptide until pH 10.5 was reached (∼ 55µL
for 10mmol L−1 sample). The samples were vortexed and
sonicated for one minute to fully dissolve the peptide am-
phiphiles. Depending on the concentration and on the
target pH, a required volume of dilute hydrochloric acid
(0.085M) was then added dropwise while the solution was
vortexed and sonicated until the target pH was obtained.
Next, the samples were heated to 75–80 ◦C until fully dis-
solved (1.0, 2.5 and 1.5 minutes for Fmoc-LL, Fmoc-LG
and Fmoc-GL, respectively) and homogenised. The sam-
ples were subsequently cooled and maintained at 4 ◦C for
∼ 12 hours (overnight) to promote or maintain gelation.
To allow comparison between the studied samples, all were
investigated after this same aging time. Reported pH val-
ues were those measured after storage. They were found
to be identical to the pH values measured before heating
within ±0.3 units.
Potentiometry : pH measurements were performed using
a Hanna Instruments pH210 pH-meter equipped with
a Hamilton Spintrode pH-probe (reference system: Ag/
AgCl, electrolyte: 3M KCl, diaphragm: ceramic, sensi-
tivity: 58mV/pH unit at 25 ◦C). The pH-meter was cali-
brated before each experiment to check the response of the
electrode with two buﬀer solutions purchased from Fisher
Scientiﬁc: phthalate pH 4.01 and phosphate pH 7.01 buﬀer
solutions.
“Titration” experiments: The 5, 10 and 20mmol L−1 sam-
ples at pH 10.5 were prepared as described above. For
1mmol L−1 samples, 5mmol L−1 samples at pH 10.5 were
used as stock solutions and diluted to the desired con-
centration in a ﬁnal volume of 2mL. The pH of the ﬁ-
nal solutions was then adjusted to pH 10.5. The “titra-
tion” experiments were performed by stepwise addition of
small volumes of diluted HCl (0.085M; 2–60µL depend-
ing on pH and system), up to a total added volume of
750µL. After each addition the samples were heated to
75–80 ◦C for one minute, vortexed, sonicated, and subse-
quently cooled back to room temperature using a water
bath. pH values were recorded before and after heating of
the samples. The samples were deemed fully mixed when
no signiﬁcant diﬀerence (±0.3 pH unit) was observed be-
tween two pH measurements. Due to the strong and con-
stant agitation applied, samples were liquid at all times
during the “titration” experiments. As a control, water
was also titrated using the same methodology described
above; that is, NaOH was added to the water in order to
bring the pH of the solution to 10.5 and then HCl was
added stepwise. Experiments, including the characterisa-
tion experiments described below, were repeated a least 3
times to ensure reproducibility.
Fluorescence spectroscopy : Fluorimetry experiments were
undertaken using a Perkin-Elmer LS55 luminescence spec-
trometer equipped with a Julabo F25 temperature con-
trol device. After their preparation, the samples were
transferred into PMMA disposable cuvettes (Fisher Sci-
entiﬁc) with a path length of 1 cm and kept at 4 ◦C
Eur. Phys. J. E (2013) 36: 111 Page 3 of 11
overnight. Emission and excitation slit widths were set at
3 and 10 nm, respectively. Emission spectra (excitation at
265 nm) were acquired at 25 ◦C in the 300–600 nm range
with a scan speed of 300 nmmin−1 using FL WinLab soft-
ware. Changes in the pH conditions and therefore in the
self-assembled structures formed are likely to modify the
refractive index of the samples and the quenching eﬀect
resulting from self-assembly. These eﬀects would have a di-
rect eﬀect on the intensity of the transmitted light hence
on the emission peaks’ intensity. For this reason, ﬂuores-
cence spectra were all normalised as a function of their
respective maximum emission peak. The un-normalised
spectra are presented in the supplementary material.
Fourier-transform infrared spectroscopy (FTIR): Multiple
bounce attenuated total reﬂectance (ATR) FTIR experi-
ments were undertaken using samples prepared in deuter-
ated water. Spectra were recorded on a Thermo Nicolet
5700 spectrometer equipped with a trough plate compris-
ing of a zinc selenide crystal, which permitted 12 reﬂec-
tions with a 45◦ angle of incidence. The samples were
spread directly on the surface of the trough plate. Spec-
tra were acquired in the 4000–400 cm−1 range with a res-
olution of 4 cm−1 over 128 scans. The deuterated water
spectrum was used as background and subtracted from all
spectra (software used: Omnic version 7.2, Thermo Elec-
tron Corporation).
Mechanical properties: Mechanical properties were as-
sessed using a stress-controlled rheometer (Bohlin C-
VOR) equipped with a Peltier device (Bohlin Instru-
ments) to control temperature using a parallel-plate ge-
ometry (40mm diameter). To ensure the measurements
were made in the linear regime, amplitude sweeps were
performed and showed no variation in G′ and G′′ up to
a strain of 1%. The dynamic moduli of the hydrogel were
measured as a function of frequency in the range 0.01–
100 rad s−1 with a strain of 1%. To keep the sample hy-
drated, a solvent trap was used and the atmosphere within
the sample chamber was saturated with water. Unless oth-
erwise stated the experiments were performed at 25 ◦C
and repeated at least three times (each time on new sam-
ples) to ensure reproducibility. The standard deviation of
multiple experiments is represented by error bars in the
dynamic frequency sweeps.
Transmission electron microscopy (TEM) and image anal-
ysis: A carbon-coated copper grid (400 mesh, Agar Scien-
tiﬁc) was glow discharged for 30 seconds then placed on
10µL of sample for 15 seconds. After blotting on What-
man 50 ﬁlter paper, the loaded grid was washed in double
distilled water for 30 seconds and blotted. The sample
was then stained with 10µL of 2% (w/v) uranyl acetate
(centrifuged for 5 minutes beforehand) for one minute and
blotted for 10 seconds. Data were collected at high vac-
uum on a JEOL 1220 transmission electron microscope
connected to a high resolution (up to 3 A˚/pixel resolution)
Gatan Orius CCD camera.
Wide angle X-ray scattering (WAXS): Wide angle X-ray
scattering experiments were conducted using 10mmol L−1
samples. Wet samples were spread onto glass slides as thin
ﬁlms and allowed to air dry for 48 hours prior to data col-
lection. Experiments were performed on a Philips X’Pert
diﬀractometer equipped with a copper source (wavelength
of 1.54 A˚), applying scans from Bragg angles of 1◦ to 33◦.
The glass slide spectrum was used as background and sub-
tracted from all spectra.
3 Results and discussion
3.1 “Titrations”
“Titration” experiments previously revealed that Fmoc-
dipeptides were characterised by substantially shifted ap-
parent pKa transitions with respect to their theoretical
pKa value
1 that coincided with structural transitions.
Fmoc-FF exhibited two distinct pKa transitions that were
shown to be related to the structural transition of ﬁb-
rils into tape-like structures that precipitated at low pH
(< pKa 2) [13]. In contrast, systems such as Fmoc-FG,
Fmoc-GG and Fmoc-GF for instance displayed a sin-
gle apparent pKa transition [5]. Fmoc-LL, Fmoc-LG and
Fmoc-GL were titrated at concentrations of 1, 5, 10 and
20mmol L−1 using the previously described procedure [5,
13]. For all “titrations” the peptide amphiphiles were ﬁrst
dissolved by raising the pH to 10.5 with NaOH. HCl was
then added and variation of the samples’ pH was measured
as shown in ﬁgs. 2A–C. The same procedure was applied
to water as a control.
At pH 10.5, Fmoc-LL was fully dissolved at all con-
centrations studied and clear solutions were obtained.
As shown in ﬁg. 2A, the pH of all solutions progres-
sively decreased upon addition of HCl. A transition was
observed at pH values of 8.5, 7.6, 7.4 and 6.4 for the
20, 10, 5 and 1mmol L−1 samples, respectively, and the
specimen started to become cloudy. After the transition,
the pH started to drop again for all the samples. An
increase in turbidity was observed in particular for 10
and 20mmol L−1 samples, which became more viscous.
As observed in our former studies [5,13], the pH of the
20mmol L−1 sample was found to rise slightly before drop-
ping again. This feature was reproducible and also ob-
served for 30mmol L−1 samples (data not shown), and is
thought to be related to the initial nucleation of the self-
assembly process. Upon further addition of HCl, decrease
in pH was accompanied by the formation of a precipitate.
At pH ∼ 2.1, phase separation occurred with the emer-
gence of a clear liquid phase at the top and a precipitate
at the bottom of the test tube and the “titration” curves
started to merge with the water curve [5].
For all concentrations investigated, Fmoc-LG peptides
fully dissolved at pH 10.5 following addition of NaOH. The
pH of the solutions was then gradually lowered as HCl was
added (ﬁg. 2B). For 20, 10 and 5mmol L−1 samples, pH
1 Theoretical pKa values were calculated using SPARC web
calculator on http://archemcalc.com/sparc.
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Fig. 2. “Titration” curves (pH vs. moles of added HCl) of water and A) Fmoc-LL, B) Fmoc-LG and C) Fmoc-GL samples at 1,
5, 10 and 20mmol L−1. nHCl (moles of HCl added corrected for moles of HCl needed to titrate water) vs. nFmoc-dipeptide-COOH
(moles of Fmoc-dipeptide present in the sample) for the 1, 5, 10 and 20mmol L−1 samples of D) Fmoc-LL at pH values of 8.5
and 7.0, E) Fmoc-LG at pH values of 8.5 and 5.0 and F) Fmoc-GL at pH values of 8.5 and 5.0. (α: degree of ionisation derived
from the slope of the ﬁtted linear curves.)
transitions occurred at values of 5.9, 5.8 and 5.3, respec-
tively, whilst the samples became cloudy. The turbidity of
the samples increased along the transition and was found
to be more apparent for the most concentrated samples (10
and 20mmol L−1). After the transition, the samples’ pH
decreased again while precipitation occurred at pH ∼ 3.0
for 20, 10 and 5mmol L−1 samples. At 1mmol L−1 the
solution remained clear throughout the experiment, al-
though a transition was observed at lower pH value of
∼ 4.4. As the pH decreased further all the “titration”
curves started to merge with the control curve.
Fmoc-GL followed the same overall trend as Fmoc-
LG. At pH 10.5 the peptide amphiphiles were found to
be soluble at all concentrations studied. A decrease in the
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Fig. 3. A) Transition pH values versus concentration of Fmoc-LL, Fmoc-LG and Fmoc-GL at 1, 5, 10 and 20mmol L −1. B)
Transition pH values versus logP values of the Fmoc-dipeptides at 10mmol −1. Data taken from ref. [13] for Fmoc-FF and
from ref. [5] for Fmoc-FG, Fmoc-GG and Fmoc-GF.
samples’ pH (ﬁg. 2C) and an increase in their turbidity
were observed upon addition of HCl. Transitions were ob-
served at pH values of 5.4, 5.1, 5.0 and 4.3 for 20, 10,
5 and 1mmol L−1 samples, respectively. Once the transi-
tion was complete the samples’ pH dropped again. How-
ever as the samples precipitated in the form of a solid
mass constituted of insoluble peptide amphiphiles, they
became less turbid. Towards the end of the “titrations”
the liquid phase became almost clear at all concentrations
tested and the samples’ curves were found to merge with
the water curve.
As opposed to Fmoc-FF but similar to Fmoc-FG,
Fmoc-GG and Fmoc-GF only one apparent pKa tran-
sition was observed for Fmoc-LL, Fmoc-LG and Fmoc-
GL. The degree of ionisation, α, of this set of pep-
tide amphiphiles was estimated as previously for the
phenylalanine-based Fmoc-dipeptides [5,13]. Figures 2D–
F show the degree of ionisation of the three Fmoc-
dipeptides above and below their respective apparent pKa
that is at pH 8.5 and 7.0 for Fmoc-LL and pH 8.5 and
5.0 for Fmoc-LG and Fmoc-GL. nHCl was plotted against
nFmoc-dipeptide-COOH at each stage and α was inferred from
the slope of the ﬁtted linear curves. Before the transition
arose (pH 8.5), 97%, 95% and 96% of Fmoc-LL, Fmoc-LG
and Fmoc-GL, respectively, were in their ionised form.
Neutralisation of the molecules just started during the
pKa transition and continued as the pH was decreased
further as about half of them were still in their ionised
form just below their apparent pKa (59%, 40% and 53%
of Fmoc-LL, Fmoc-LG and Fmoc-GL, respectively).
The apparent pKa transitions were found to be de-
pendent upon increasing the concentrations of the pep-
tide amphiphiles up to 5–10mmol L−1 (ﬁg. 3A). Above
this critical value, further increase in peptide concentra-
tion did not have any eﬀect on the pH values at which
the pKa transitions occurred. The pKa transitions of
the Fmoc-dipeptides were all shifted towards higher val-
ues compared to their theoretical pKth
a
, as recently re-
ported in the literature for similar systems [14]. Fmoc-
LL (pKth
a
= 3.79), Fmoc-LG (pKth
a
= 3.82) and Fmoc-
GL (pKth
a
= 3.79) displayed pKa shifts of about 4.3, 2.0
and 1.5 pH units on average, respectively, at 10mmol L−1.
Such behaviour is not uncommon since dramatic pKa
shifts have been reported for self-assembling proteins and
peptide amphiphiles in hydrophobic environments, [15,16]
fatty acid soaps, [17,18] and ribonucleases [19]. It could
either result from the destabilisation and reduced abil-
ity of the carboxylate groups to create hydrogen bonds
in hydrophobic environments or from the self-assembly of
ionised with un-ionised species, as suggested by the ionisa-
tion levels obtained in our investigation on Fmoc-FF [13].
As previously shown, the apparent pKa transition values
were shown to correlate with the hydrophobicity (logP )
of the Fmoc-dipeptide molecules [5,14]. The shifted pKa
values were found to arise at high pH for molecules pos-
sessing high logP values2 (e.g. Fmoc-LL) and at lower
pH for molecules characterised by lower logP values (e.g.
Fmoc-GL) (ﬁg. 3B). Although the carboxylic acid group in
free leucine is characterised by a higher pKa than in free
phenylalanine, the pKa transitions for the leucine-based
Fmoc-dipeptides were found to occur at lower pH than
for their phenylalanine-based homologues, suggesting an
eﬀect of the side chain nature (aliphatic or aromatic) on
the transition pH.
Due to the slight increase in pH observed below the
apparent pKa transition for Fmoc-LL at 20mmol L
−1,
the pH drop following the pKa transition was found to
be gradual but did not reveal a two-transition feature
as shown by Fmoc-FF [13]. Like Fmoc-FG, [5] Fmoc-
LG self-assembly process was associated with a single pH
transition. As for Fmoc-GF, no hydrogels were formed
from Fmoc-GL under all pH conditions tested. Addition-
ally, clearer solutions rather than turbid mixtures were
obtained from Fmoc-GL upon lowering pH above and be-
low the apparent pKa. This paper will therefore not focus
on the characterisation of this system. In the following sec-
tions the ionisation behaviour of Fmoc-LL and Fmoc-LG
2 logP values were determined using ACD/Labs v. 12.01/
ChemSketch.
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Fig. 4. Normalised ﬂuorescence emission spectra of A) Fmoc-LL and B) Fmoc-LG samples at 10mmol L−1 at pH 10.5 starting
point of the “titration” experiments and at diﬀerent pH values above and below their respective apparent pKa and at low
concentration (0.1mmol L−1) above their apparent pKa (dotted lines).
will be related to the self-assembly and gelation proper-
ties of the systems as a function of pH using structural
and spectroscopic characterisation techniques.
3.2 Supramolecular interactions
The behaviour in solution of the leucine-based Fmoc-
dipeptides revealed similarities with what was observed
for phenylalanine-based Fmoc-dipeptides since the pH at
which the pKa transition occurred increased with the hy-
drophobicity of the molecules.
The results of our recent study suggested that the
main driving force behind the self-assembly process of
phenylalanine-based Fmoc-dipeptides was the hydropho-
bic pi-pi interactions of the ﬂuorenyl moieties [5]. In some
of these peptides, the phenyl rings of the amino acids side
chains were found to participate in the intermolecular in-
teractions between phenylalanine-based Fmoc-dipeptides.
In order to assess whether the peptide amphiphiles pi-
stacked in a diﬀerent manner due to the lack of aro-
matic moieties in leucine-based Fmoc-dipeptides or if
the alkyl chains were likely to interfere in the overlap-
ping of the Fmoc groups, ﬂuorescence spectroscopy was
used to monitor the environment of the Fmoc-LL and
Fmoc-LG ﬂuorenyl moieties. Measurements were carried
out on 10mmol L−1 samples as a function of pH and at
0.1mmol L−1 at pH ∼ 8.6. All the ﬂuorescence spectra
were normalised so that the intensity of the emission max-
imum was set to 1 (see ﬁg. S1 of supplementary material
for the non-normalised spectra). As shown in ﬁg. 4, the
two systems of interest displayed common features.
At low concentration (0.1mmol L−1) and above the
apparent pKa (pH ∼ 8.6) of both Fmoc-dipeptides stud-
ied, clear solutions were obtained. In these conditions all
molecules should be in their ionised form. Hence the emis-
sion maximum observed at ∼ 313 nm for all samples was
ascribed to the ﬂuorenyl ﬂuorescence of Fmoc-dipeptide
monomers (ﬁg. 4, dotted lines).
At 10mmol L−1 (i.e. above the critical gelation concen-
tration of the two systems) an emission maximum presum-
ably related to antiparallel Fmoc excimers was observed
at 317–330 nm at all pH conditions tested. The presence of
this peak at pH 10.5 indicated that interactions between
the Fmoc-dipeptides occurred even at high pH, forming
base dimer units, probably at the origin of the structures
formed at lower pH. As the pH was reduced this band was
found to shift from 317 nm towards 330 nm for Fmoc-LL
and Fmoc-LG, showing that the Fmoc groups constituting
the dimers were overlapping in a more eﬃcient manner [5].
A shoulder centred at 370–375 nm likely indicative of
Fmoc excimers arranged in a parallel manner [20,21], pos-
sibly within micellar assemblies [22], was also detected.
This band was found to be particularly pronounced at
pH 10.5 than at any other pH conditions tested. The
shoulder ascribed to parallel dimers was no longer ob-
served at lower pH. This feature could be due to ﬁbril-
lar self-assembly occurring at lower pH, which is likely to
lock the molecules into antiparallel arrangements within
the supramolecular structures as will be described in the
following section. Interestingly, this shoulder was found
to be overall more marked for the leucine-based Fmoc-
dipeptides than for Fmoc-FF [5]. This behaviour is in
agreement with the eﬀect of the molecular ﬂexibility on
parallel dimerisation since the leucine aliphatic side chain
confers more ﬂexibility to the molecule tail than the
phenyl ring of the phenylalanine side chain.
An extensive emission band was observed at ∼ 421 nm
at or below pH values of 7.1 and 5.6 for Fmoc-LL and
Fmoc-LG, respectively, which is in both cases below the
apparent pKa transition. As previously mentioned, this
photoluminescence peak is characteristic of the pi-pi stack-
ing of multiple ﬂuorenyl moieties and indicates the pres-
ence of higher-order aggregates [21]. This behaviour is
consistent with the hypothesis that self-assembled struc-
tures are formed below the shifted pKa. As shown in
ﬁg. 4A), the photoluminescence emission was particularly
intense for Fmoc-LL. Detection of a photoluminescence
band in these conditions implies that the ﬂuorenyl groups
could be packed in hydrophobic clusters away from the
solvent in the aggregates formed [23].
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Fig. 5. FTIR spectra of Fmoc-dipeptide samples at 10mmol L−1 prepared in D2O. A) above the apparent pKa (at pH 8.1 and
7.5 for Fmoc-LL and Fmoc-LG, respectively) and B) below the apparent pKa (at pH 6.8 and 5.5 for Fmoc-LL and Fmoc-LG,
respectively).
The ﬂuorescence study of leucine-based Fmoc-dipep-
tides revealed that, like in phenylalanine-based Fmoc-
dipeptides, the ﬂuorenyl moieties were preferentially ar-
ranged in an antiparallel fashion at lower pH. However
at high pH, when molecules are mainly ionised, parallel
arrangements can also be found. Again, lowering the pH
appeared to enhance the overlapping of the Fmoc-LL and
Fmoc-LG molecules, possibly due to the presence of fewer
ionised entities in solution causing fewer electrostatic re-
pulsions and hence favouring the formation of higher-order
aggregates.
Due to the absence of bulky phenyl side group in
leucine, inclusion of this amino acid in Fmoc-dipeptides
should result in the enhancement of the overall ﬂexibil-
ity of the molecules and therefore aﬀect the conformation
adopted by the peptide component. However like pheny-
lalanine, leucine is known to favour the formation of β-
sheets [24]. In order to verify the conformation adopted
by the peptidic tail of Fmoc-LL and Fmoc-LG the two
systems were studied by FTIR. As shown in ﬁg. 5A,
in both cases no evidence of β-sheet formation was ob-
served above the respective apparent pKa of the Fmoc-
dipeptides. In contrast, below the apparent pKa bands
at 1687 and 1624 cm−1 characteristic of β-sheets were de-
tected in the amide I region for Fmoc-LL (ﬁg. 5B), which
is in agreement with the results of Das et al. [11]. In ad-
dition, the peak at 1643 cm−1 showed the coexistence of
unordered structures. The presence of phenylalanine be-
side the ﬂuorenyl moiety in Fmoc-FF and Fmoc-FG was
previously found to provide certain rigidity to the pep-
tide backbone of the molecules, allowing them to form β-
sheet structures [5]. Despite the absence of such aromatic
group β-sheet conformation was detected for Fmoc-LL un-
der speciﬁc conditions. Although no distinct evidence of
β-sheet formation was identiﬁed for Fmoc-LG below the
apparent pKa (ﬁg. 5B), from the bands detected in the
amide I region of the infrared spectrum it is clear that the
system went through a transition. This behaviour is likely
due to a diﬀerent type of molecular interactions forming
below the apparent pKa, which could be associated with
structural changes. As demonstrated by ﬂuorescence spec-
troscopy and as will be conﬁrmed below by TEM, the
formation of self-assembled structures is independent of
β-sheet formation, which is in agreement with the results
of our previous investigation [5].
It can also be noted that, for both Fmoc-LL and Fmoc-
LG, an infrared absorption band at ∼ 1596 cm−1, charac-
teristic of carboxylate groups, was detected above their
respective apparent pKa, conﬁrming the ionised state of
the molecules.
As suggested by ﬂuorescence and infrared spectrosco-
py, the formation of organised self-assembled structures
occurred upon lowering pH. In order to verify whether
the one-transition feature displayed by this set of Fmoc-
dipeptides was related to structural transitions and gela-
tion of the systems, the mechanical properties of the sam-
ples were assessed using shear rheometry and the systems
were characterised as a function of pH using TEM and
WAXS.
3.3 Morphology and mechanical properties
Clear solutions were obtained from Fmoc-LL above the
apparent pKa. The liquid nature of the sample was con-
ﬁrmed by shear rheometry. As illustrated in ﬁg. 6A at
pH 8.5, the elastic modulus G′ was found to be lower than
the viscous modulus G′′ until a crossover of the mod-
uli was observed at around 10 rad s−1. Both G′ and G′′
showed strong frequency dependence between 0.01 and
100 rad s−1, which is indicative of liquid-like materials. As
shown by TEM (ﬁg. 7A), self-assembly did not occur in
these pH conditions, which was consistent with the ab-
sence of Bragg peaks on the WAXS pattern at pH 8.2
(ﬁg. 8A).
Below the apparent pKa, translucent self-supported
hydrogels were formed. As can be seen from ﬁg. 6A
at pH 7.0, G′ was higher than G′′ between 0.01 and
100 rad s−1, with both moduli displaying weak frequency
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Fig. 6. A) Dynamic frequency sweep of Fmoc-LL sample (10mmol L−1) at pH 8.5 and 7.0 (above and below the apparent,
respectively). B) Dynamic frequency sweep of Fmoc-LG sample (10mmol L−1) at pH 7.6 and 4.5 (above and below the apparent,
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Fig. 7. TEM micrographs of Fmoc-dipeptide samples at
10mmol L−1. A) Fmoc-LL at pH 10.5 (starting point of the
“titration” experiments) and above the apparent pKa, B)
Fmoc-LL below the apparent pKa, C) Fmoc-LG at pH 10.5,
D) Fmoc-LG above the apparent pKa, E) Fmoc-LG below the
apparent pKa and F) close up of the box in E). Scale bars
represent 100 nm.
dependence, conﬁrming the gel-like nature of the sample.
G′ values were in the range of 0.7–5Pa, showing that the
hydrogels formed by Fmoc-LL were weak. The entangled
ﬁbrillar network observed by TEM at pH 6.8 was in agree-
ment with the rheological behaviour of the system. As
can be seen in ﬁg. 7B, ﬁbres of ∼ 15.7 ± 0.7 nm in width
were formed. A topology of this type with a compara-
ble size has been reported for Fmoc-LL hydrogels formed
through hydrolysis of the corresponding ester. Das et al.
showed that the morphology and dimensions of the self-
assembled structures obtained varied depending on the
route via which they were prepared. Tubular (15.2±1.1 nm
in width) and ﬁbrillar (12.0± 2.5 nm in width) structures
were generated when the corresponding ester was synthe-
sised by conventional solution phase methodology and by
solid-solid reactions, respectively [11]. As shown by WAXS
in ﬁg. 8A, broad reﬂection peaks were detected at 4.1, 5.3
and 7.2 nm−1, corresponding to distance of 15.4, 11.9 and
8.7 A˚. These Bragg peaks indicated that the structures
formed did not result from lateral self-assembly, hence no
lamellar organisation was observed. Although FTIR data
suggested that Fmoc-LL peptide tail adopted a β-sheet
conformation, no reﬂection peak characteristic of the spac-
ing between β-strands was detected at a distance of 4.3 A˚,
as was observed previously for Fmoc-FF [13].
When the pH was reduced to 4.3, milky ﬂocculates
suggesting the formation of insoluble self-assembled struc-
tures were obtained. As shown in ﬁg. 7B, nanoﬁbres were
still observed by TEM. The WAXS pattern in ﬁg. 8A dis-
played a drop in intensity indicating a loss of structure
that was probably induced by the precipitate state of the
samples.
Although leucine and phenylalanine have comparable
hydrophobicities, Fmoc-LL and Fmoc-FF [13] showed dif-
ferent behaviours. Fmoc-LL was characterised by a sin-
gle pKa transition. Hydrogels that were associated with
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the presence of ﬁbrillar networks on the microscopic scale
were formed in both cases, however no lateral association
of the ﬁbres characteristic of a lamellar organisation was
observed for Fmoc-LL.
Above the apparent pKa, clear solutions were obtained
from Fmoc-LG. As we can see from the frequency sweep
in ﬁg. 6B, G′ was mainly lower than G′′ at pH 7.6 and
both moduli were frequency dependent between 0.01 and
100 rad s−1, conﬁrming that the material was liquid. How-
ever at pH 7.6 the presence of a small amount of precip-
itate was observed in the liquid sample, suggesting that
most of the molecules were still in solution (ﬁg. 5B). Rel-
atively straight ribbons of 24.0 ± 1.7 nm in width were
observed by TEM in a few windows of the grid (ﬁg. 7D).
These self-assembled structures were likely to constitute
the precipitated fraction of the sample. As can be seen
from the WAXS data at pH 7.7 (ﬁg. 8B), a lamellar pack-
ing pattern with a d spacing of 29.0 A˚ (q = 2.2 nm−1) and
up to ﬁve higher-order reﬂections was detected. This fea-
ture indicated that the straight ribbons observed by TEM
resulted from the lateral association of ﬁbrillar structures.
At pH ∼ 5.5 (below the apparent pKa) viscous solu-
tions were obtained. Twisted ribbons with average pitch
and width of 149.2 ± 20.3 nm and 13.5 ± 0.9 nm, respec-
tively, were observed on the TEM micrographs (ﬁgs. 7E–
F). These structures were found to coexist with a few ﬂat
ribbons of 21.3±1.0 nm in width, remaining from the pre-
vious pH stage. At this same pH, the reﬂection at 29.0 A˚
(q = 2.2 nm−1) corresponding to a periodic unit present
in the straight ribbons was still detected, however the in-
tensity of the ﬁve higher-order reﬂections was attenuated
(ﬁg. 8B). This attenuation could be due to the presence
of the coexisting twisted ribbons.
As the pH was lowered further to ∼ 4.3, translucent
hydrogels were formed. Like the previously studied Fmoc-
FG hydrogels [5], these samples were found to gel (i.e.
stop ﬂowing upon inversion of the vial) during the heat-
ing step at 80 ◦C and to be relatively stable upon cool-
ing to 4 ◦C and room temperature (should the gels have
been completely formed at high temperature). As shown
in ﬁg. 6B, the gel-like nature of the sample was con-
ﬁrmed by rheology. G′ values (1000–2080Pa) were about
one order of magnitude higher than G′′ values and both
moduli were slightly frequency dependent between 0.01
and 100 rad s−1, which suggested the presence of an en-
tangled ﬁbrillar network. Higher values of G′ have been
reported for Fmoc-LG hydrogels obtained by pH change
(5900Pa) [9]. Such diﬀerence is likely to be related to the
method of preparation of the samples. The entangled na-
ture of the system was consistent with the type of mi-
crostructures observed by TEM as the presence of twisted
ribbons, similar to those formed at pH ∼ 5.5, was noted
(ﬁgs. 8E–F). The relative reduction of the proportion of
ﬂat ribbons compared to that of the twisted ribbons led
to a signiﬁcant decrease in intensity of the Bragg peak at
2.2 nm−1 (i.e. d = 29.0 A˚).
The Fmoc-LG and the Fmoc-FG [13] systems were
characterised by common features. Both were found to
form stable hydrogels upon heating and exhibited struc-
tural and morphological changes, including in supramolec-
ular chirality, as the systems passed from solutions into
gels (ﬁgs. 8D–F). For both peptide amphiphiles, the self-
assembled structures did not exhibit any lamellar organi-
sation. On the other hand, replacement of the phenylala-
nine by a leucine residue altered the relative rigidity of the
molecule, preventing Fmoc-LG from creating intermolec-
ular hydrogen bonding that would stabilise the structures
into β-sheets. As a result, this conformation was not de-
tected at any pH conditions.
The formation of stable hydrogel from Fmoc-LG was
also found to be temperature dependent (in the same
manner as Fmoc-FG, as previously reported [5]). The me-
chanical properties of the system were therefore monitored
below the apparent pKa (pH ∼ 4.7), as a function of tem-
perature during in situ (in the rheometer) gel formation.
Sequential addition of NaOH and HCl was undertaken
as described in the Materials and methods section. Fol-
lowing this the samples were not heated but thoroughly
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sonicated. They were then subjected to the following tem-
perature variations: the temperature was raised from 25
to 80 ◦C at a rate of 10 ◦Cmin−1, maintained for 2.5min
at 80 ◦C, reduced from 80 to 4 ◦C over 1 min and kept for
8.5min at 4 ◦C. The temperature-dependent mechanical
spectrum of Fmoc-LG is presented in ﬁg. 6C. G′ values
were found to be higher (about one order of magnitude)
than the G′′ values at all temperatures, including at room
temperature (at the beginning of the experiment). This
observation suggests that self-assembly occurred at 25 ◦C
before the samples were heated. The lack of stiﬀness of
the sample was however conﬁrmed by the relatively low
G′ values displayed by the solutions between 25 and 50 ◦C.
Both moduli increased by about three orders of magnitude
as the temperature was risen further, reaching a maximum
G′ value of ∼ 3000Pa at 80 ◦C (i.e. close to the G′ values
obtained for the corresponding pre-formed gels). G′ and
G′′ values were then found to decrease of about one or-
der of magnitude (G′ ∼ 320 ± 65Pa) when the samples
were kept at 80 ◦C and to remain relatively constant as
the samples were cooled down between 70 and 4 ◦C. The
heating-cooling sequence between 25 and 4 ◦C resulted in
an overall increase of about one order of magnitude in
both G′ and G′′. As observed for Fmoc-FG, Fmoc-LG pre-
formed hydrogels displayed storage modulus values that
were about ten times higher than those obtained for the
systems heated in situ.
A TEM micrograph of a non-heated sample is shown
in ﬁg. S2 of the supplementary material. Although the
microstructures formed from non-heated samples looked
less regular than those obtained from heated samples
(ﬁg. 7E), the coexistence of twisted and ﬂat ribbons was
observed in both cases. The heating step was shown to
improve the homogeneity of the samples without alter-
ing the topography of the self-assembled structures. The
diﬀerence in mechanical properties between the heated
and non-heated sample is therefore thought to be due
to the formation of overall more homogeneous network
topology when the samples are cooled down slowly in the
rheometer. This results in the absence of large ﬁbre aggre-
gates that are known to reinforce the sample mechanical
properties.
4 Conclusion
As previously observed for Fmoc-FG, Fmoc-GF and
Fmoc-GG, the behaviour of Fmoc-LL, Fmoc-LG and
Fmoc-GL upon titration revealed that each system was
characterised by one apparent pKa transition, which in
all cases has been shown to be related to structural and
morphological changes that were peptide sequence depen-
dent.
Based on ﬂuorescence spectroscopy data, Fmoc-LL
and Fmoc-LG systems were found to be ordered through
their Fmoc groups, which were mainly pi-stacked into an-
tiparallel dimers that were thought to correspond to the
base unit of the self-assembled supramolecular structures
generated as the pH was reduced. In addition the Fmoc-
LL peptide tail was found to arrange in β-sheets below
the apparent pKa. The coexistence of unordered struc-
tures was also detected. As expected, Fmoc-LG did not
form β-sheets in any conditions due to the ﬂexibility of
the molecules brought about by the glycine residue.
Although the Fmoc-LG molecules were ionised above
the apparent pKa straight ribbons were observed at
the microscopic scale. Neutralisation of the peptide am-
phiphiles induced the formation of an entangled net-
work of twisted ribbons. Stable hydrogels associated with
this phenomenon were obtained upon heating. The self-
assembly of Fmoc-LL into an entangled network of ﬁbres
of ∼ 15.7 nm in width also led to hydrogel formation,
however the modulus values were lower than for Fmoc-
LG gels. The absence of a regular scattering pattern —
in agreement with the TEM observations— showed that
only Fmoc-LG exhibited any lamellar organisation. The
d spacings detected by WAXS were therefore ascribed to
periodic units down the long axis of the structures rather
than lateral association of ﬁbres.
Similar behaviours were observed between the leucine-
based Fmoc-dipeptides and their phenylalanine-based ho-
mologues [5]. Fmoc-LL, Fmoc-LG and Fmoc-GL peptide
amphiphiles were each characterised by a single shifted
pKa transition. Study of the systems as a function of pH
showed that this transition coincided with molecular self-
assembly or structural and morphological changes. Again,
the structural properties of the systems were found to
be dependent on the peptide sequence. Entangled ﬁbrillar
networks associated with hydrogel formation were formed
for Fmoc-LL and Fmoc-LG as observed for Fmoc-FF and
Fmoc-FG. As previously reported for Fmoc-FG, Fmoc-LG
gels were found to form upon heating.
We have shown in the present work that the replace-
ment of the phenyl ring by an isobutyl chain in our di-
peptide systems does not aﬀect the propensity of the
molecule to self-assemble into extended ﬁbrillar structures
clearly pointing toward the key role played by the Fmoc
group and pi-pi interactions in driving the self-assembly
of these systems. This work also conﬁrmed that placing
glycine just after the Fmoc group in these systems pre-
vents self-assembly. This strongly suggests that the hy-
drophobicity and/or the rigidity of the molecule peptidic
tail is an important parameter for self-assembly. Struc-
tural diﬀerences were observed by TEM andWAXS for the
ﬁbres formed showing that the replacement of the phenyl
ring by an isobutyl chain does probably aﬀect the pack-
ing of the molecules within the ﬁbres. Overall this work
contributes toward the establishment of design rules for
the design of self-assembling peptide based materials us-
ing Fmoc-dipeptides.
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